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Regional homogeneity measures synchrony of resting-state brain activity in neighboring
voxels, or local connectivity. The effects of age and gender on local connectivity in healthy
subjects are unknown.Weperformed regional homogeneity analyses on resting state BOLD
time series data acquired from 58 normal, healthy participants, ranging in age from 11 to
35 (mean 18.1±5.0 years, 32 males). Regional homogeneity was found to be highest for
gray matter, with brain regions within the default mode network having the highest localegional homogeneity
ocal connectivity
esting-state fMRI
rain development
connectivity values. There was a general decrease in regional homogeneity with age with
the greatest reduction seen in the anterior cingulate and temporal lobe. Greater female
local connectivity in the right hippocampus and amygdala was also noted, regardless of
age. These ﬁndings suggest that local connectivity at the millimeter scale decreases dur-
ing development as longer connections are formed, and underscores the importance of
differeexamining gender
. Introduction
Brain maturation is thought to occur in a back-to-
ront direction with sensorimotor regions developing ﬁrst
ollowed by higher-order association areas and lastly, het-
romodal association regions including those found in the
refrontal and lateral temporal cortices (Marshet al., 2008).
he integration of somatosensory information occurs in
eteromodal association regions, which receive infor-
ation from both short and long-range cortico–cortico
nd cortico–subcortical connections (Buckner et al., 2009;
ornari et al., 2007). It has been reported that in norma-
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tive brain development, short-range connections between
brain regions, such as interhemispheric connections,
decrease with age, while long-range connections, such
as anterior–posterior connections, increase with age. For
example Uddin et al. (2010) found that functional brain
development is characterized by pruning of local network
connectivity and strengtheningof long-rangenetwork con-
nectivity with age. Dosenbach et al. (2010) also found that
the weakening of short-range functional connections in
the brain’s major functional networks was the greatest
predictor of brain maturity as indexed by chronological
age. A shift in task-based fMRI activation patterns from
diffuse to focal activity with increasing age (Durston and
Casey, 2006) has also been reported. These developmental
brain changes are thought to result in hemispheric spe-
cialization/lateralization, increased efﬁciency and reduced
redundancy, a process that has been termed segregation
and integration (Dosenbach et al., 2010; Fair et al., 2007,
tal Cogn188 M.P. Lopez-Larson et al. / Developmen
2008, 2009; Supekar et al., 2009; Uddin et al., 2010; Varela
et al., 2001).
The microstructural changes that occur during brain
maturation such as myelination, synaptic pruning or
changes in oligodendrocytes and neurons are difﬁcult
to visualize using standard clinical neuroimaging meth-
ods. However, structural neuroimaging techniques such
as high-resolution imaging and diffusion tensor imaging
are increasingly being applied to the study of the regres-
sive and progressive events underlying gray and white
matter maturational events (Uddin et al., 2010). Further-
more, functional MRI (fMRI) studies have been able to
provide information on the progression of development
in terms of greater areas of activation in cognitive, social
and emotional domains with age (Davidson et al., 2003;
Yurgelun-Todd, 2007; Yurgelun-Todd and Killgore, 2006).
More recently, resting-state fMRI techniques have begun
to provide information regarding the development of spe-
ciﬁc brain networks with age (Dosenbach et al., 2010;
Supekar et al., 2009;Uddinet al., 2010). Current approaches
that have been used to evaluate brain development uti-
lizing resting state fMRI data include hypothesis driven
region of interest seed based analysis, which utilize a
priori regions of interest to evaluate functional connectiv-
ity between brain regions, and independent component
analysis, a model-free method which identiﬁes a pre-
determined number of components or networks based
on the spatial and temporal characteristics of the fMRI
time series data. In addition, graph theoretical metrics
are increasingly being used to describe the functional
organization of large-scale networks. Such information
has led to advancing knowledge regarding normative
developmental trajectories and the identiﬁcation of the
pathophysiology of neurodevelopmental andneuropsychi-
atric disorders.
Historically, fMRI studies have focused primarily on
evaluating “activation” or “deactivation” in regional brain
neuronal activity during task-speciﬁc paradigms that
incorporate a control task as the baseline (Greicius et al.,
2003). A more recent neuroimaging approach for evalu-
ating brain networks is to examine low frequency BOLD
signal ﬂuctuations present even in the absence of a
task (Greicius et al., 2003). These studies have found
synchronous resting-state networks (RSN) of temporally
coherent, but widely separated although functionally
related brain regions (Biswal et al., 1995; De Luca et al.,
2006; Fox and Raichle, 2007; Greicius et al., 2003). Spa-
tially consistent RSN have been described in both adults
and youths (Damoiseaux et al., 2006; De Luca et al., 2006;
Fransson, 2006). Recent studies of the maturation of RSNs
suggests that early in development, RSNs are composed of
predominately short or homologous interhemispheric cir-
cuits, butwith age, these small scale networks develop into
longer-range, more efﬁcient networks (Fair et al., 2008;
Fransson et al., 2007; Smyser et al., in press; Thomason
et al., 2008) These previous studies utilized resting-state
fMRI data to evaluate the impact of age on the interhemi-
spheric and anterior–posterior connectivity between 2 or
more brain regions and within and between speciﬁc brain
networks. Currently, there is limited information on the
normative development of local brain connectivity withinitive Neuroscience 1 (2011) 187–197
a brain region. A recently developed technique to examine
local connectivity, called regional homogeneity, measures
the functional coherence of a given voxel with its near-
est 26 neighboring voxels. This method can be used to
evaluate regional resting-state brain activity and/or local
connectivity at the millimeter spatial scale (Zang et al.,
2004). Applying these techniques, one recent study found
widespread decreased regional homogeneity in primary
sensorimotor brain regions in older adults compared to
younger adults (Wu et al., 2007). The current study will
expand on these previous regional homogeneity ﬁndings
by exploring the changes in local connectivity in adoles-
cents and adults and evaluating all cortical and subcortical
brain regions.
Braindevelopmentmaydiffer betweengenders. Studies
have consistently found structural and functional differ-
ences in regions of the prefrontal cortex, hippocampus,
amygdala and basal ganglia in males compared to females
(Caviness et al., 1996; Giedd et al., 1996; Kilgore and
Yurgelun-Todd, 2001; Pruessner et al., 2001; Schlaepfer
et al., 1995; Shirao et al., 2005; Yurgelun-Todd andKillgore,
2006). Overall brain size has been reported as signiﬁcantly
greater in men (Christova et al., 2008; Kaiser et al., 2009;
Leonard et al., 2008; Luders et al., 2002), while higher
processing efﬁciencies as well as increased lateralization
between hemispheres in women has been suggested as
a possible reason for smaller total brain volumes overall
(Christova et al., 2008). Cortical complexity has also been
reported to be greater in women, speciﬁcally in frontal
and parietal regions (Gur et al., 1999; Luders et al., 2002,
2004), and cortical thickness has been found to be higher
in women in right posterior temporal and right inferior
parietal regions (Sowell et al., 2007). Functional MRI stud-
ies have also reported gender-related differences in terms
of BOLD activation in prefrontal and limbic regions dur-
ing emotional and cognitive tasks (Adler et al., 2005; Boghi
et al., 2006;Cahill et al., 2004b;Christovaet al., 2008;Derntl
et al., 2010;Henderson et al., 2008;Hofer et al., 2006; Keller
and Menon, 2009; McRae et al., 2008; Schulte-Ruther et al.,
2008).
This study seeks to examine the impact of age, gen-
der and their interaction, on measures of local connectivity
within individual brain regions in a sample of healthy con-
trols (HC)utilizing resting-state fMRIdata. As statedbefore,
there are few available studies that have evaluated the
impact of development on measures of local brain connec-
tivity (Wuet al., 2007), andnonewhichhave examined age,
gender and their interaction with local connectivity within
brain regions. One study in adults restricted their eval-
uation to primary sensorimotor brain regions and found
decreased regional homogeneity in older adults compared
to younger adults (Wu et al., 2007). Three previous stud-
ies utilizing regional homogeneity techniques found that
adults had greater local connectivity in brain regions com-
posing the default-mode network (He et al., 2007; Long
et al., 2008; Wu et al., 2007; Zang et al., 2004). Investi-
gations of regional homogeneity have been applied to the
study of Alzheimer’s disease (He et al., 2007), depression
(Yuan et al., 2008), ADHD (Cao et al., 2006; Zhu et al.,
2005) and autism spectrum disorders (Paakki et al., 2010).
The current study is aimed at evaluating local connectiv-
M.P. Lopez-Larson et al. / Developmental Cogn
Table 1
Demographic and clinical characteristics of control subjects.
n %
Total 58 –
Male (n) 32 55.2
Female (n) 26 44.8
Right handed 55 94.8
Ethnicity
White, non-hispanic 48 82.8
Hispanic or Latino 8 13.8
Black or African American 1 1.7
Asian 1 1.7
Mean STDa
Age 18.09 4.950
HAM-Db 0.98 1.369
HAM-Ac 2.04 2.632
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regression analysis was performed in which the besta Standard deviation.
b Hamilton rating scale for depression.
c Hamilton anxiety rating scale.
ty within individual brain regions in youths and adults
nd assessing whether or not gender differences exist.
e hypothesize that local connectivity will decrease in
ll brain regions with age based on previous ﬁndings in
dults (Wu et al., 2007) and that regional homogeneity will
e the highest for brain regions that compose the default
ode network (DMN). In addition, we predict that if there
re differences in developmental trajectories between gen-
ers, theywill bepresent in regionsof theprefrontal cortex,
asal ganglia and limbic structures based on previous ﬁnd-
ngs of gender differences in these structures
. Methods
.1. Subject characteristics
Fifty-eight normal, healthy participants, ranging in age
rom11 to 35 (mean 18.1±5.0 years, 32males, 26 females)
ere included in this study. A subset of 27 of these were
reviously included in a report describing PSTCor meth-
ds for the analysis of resting-state data (Anderson et al.,
n press). Demographic and clinical characteristics of the
articipants are shown in Table 1. Subjects were exam-
nedafter informedconsent, inaccordancewithprocedures
pproved by the University of Utah Institutional Review
oard. Healthy subjects had no DSM-IV Axis I diagnoses
ased on diagnostic semi-structured psychiatric interview.
ll participants underwent psychiatric screening via the
tructured Clinical Interview for DSM-IV Patient Version
SCID-P), which is a widely used diagnostic instrument to
eliably determine Axis I disorders in clinical populations
First et al., 1996). All subjects were screened for anxi-
ty by Hamilton anxiety rating scale (Hamilton, 1969) and
epression by Hamilton depression rating scale (Hamilton,
960) immediately prior to MRI scanning. No signiﬁcant
ifferences were seen with gender using 2-tailed t-tests
n Hamilton anxiety (p=0.48) or Hamilton depression
p=0.28) metrics. A positive correlation was seen between
ge and Hamilton depression (r=0.30, p=0.023) scores but
ot between age and Hamilton anxiety (r=0.19, p=0.15)
cores.itive Neuroscience 1 (2011) 187–197 189
Exclusion criteria for all subjects included: major sen-
sorimotor handicaps; full scale IQ<70, learning disability,
history of claustrophobia, head trauma, loss of con-
sciousness, autism, schizophrenia, anorexia or bulimia
nervosa, a past/present history of alcohol or drug depen-
dence/abuse based on DSM-IV criteria, electroconvulsive
therapy; activemedical or neurological disease;metal frag-
ments or implants; and current pregnancy or lactation.
Data from two additional subjects were discarded prior to
analysis due to excessive patient motion during scanning.
2.2. Data acquisition
Images were acquired on a Siemens 3Tesla Trio scanner
with 12-channel head coil. The scanning protocol con-
sisted of an initial 1mm isotropic MPRAGE acquisition
acquired in the axial plane for an anatomic template. BOLD
echo planar images (TR=2.0 s, TE =28ms, GRAPPA par-
allel acquisition with acceleration factor =2, 40 slices at
3mmslice thickness, 64×64matrix)were obtainedduring
the resting state, where subjects were instructed to “Keep
your eyes open and remain awake and try to let thoughts
pass through your mind without focusing on any partic-
ular mental activity.” Prospective motion correction was
performed during BOLD imaging with PACE sequence. An
8-min scan (240 volumes) was obtained for each subject.
An additional ﬁeld map scan was obtained for each subject
for the purposes of distortion correction.
For all BOLD sequences, simultaneous plethysmograph
(pulse oximeter) and chest excursion (respiratory belt)
waveforms were recorded for ofﬂine analysis. Waveforms
were recorded directly on the scanning computer, allowing
synchronization of images with physiological waveforms.
The stimulus computer was synchronized to the onset of
the ﬁrst BOLD image via ﬁber optic pulse emitted by the
scanner.
2.3. fMRI pre-processing
The following sequence was used for image post-
processing of all BOLD image datasets.
1. RETROICOR (Glover et al., 2000) was performed using
AFNI software package (Cox, 1996) for initial correction
of signal components due to respiratory and cardiac arti-
facts.
2. SPM8 software (Wellcome Trust, London) was used to
performslice timingcorrection, realignandunwarp (dis-
tortion correction and concurrent motion correction),
coregistration, segmentation, and normalization to MNI
template brain (T1.nii) of all BOLD images. Gray mat-
ter, white matter, CSF, and BOLD images were sampled
at 3×3×3mm resolution in this step corresponding to
acquisition resolution of BOLD images.
3. PSTCor methods were implemented to analyze the
resting-state data (Anderson et al., in press). Brieﬂy, aﬁt of 12 time series signal components was subtracted
from the time series at each voxel. Signal components
were (1) white matter time series obtained from vox-
els within 2 regions of interest in the bilateral centrum
tal Cognitive Neuroscience 1 (2011) 187–197190 M.P. Lopez-Larson et al. / Developmen
semiovale, (2) CSF time series obtained from the lateral
ventricles, (3) soft tissue time series obtained from head
and face, (4) respiration volumeper time convolvedwith
respiration response function (Birn et al., 2008; Chang
et al., 2009), (5) respiratory belt waveform, integrated
over each TR of acquisition, (6) pulse oximeter wave-
form, integrated over each TR of acquisition, and (7–12)
motion realignment parameters. The ﬁrst 6 time series
were phase shifted to optimally align with mean gray
matter time series prior to regression.During regression,
each voxel’s time serieswas bandpass ﬁlteredwith ideal
Chebyshev ﬁlter between 0.001 and 0.1Hz, and a linear
detrend operation was performed.
The effect of the PSTCor step is to remove low-frequency
ﬂuctuations attributable to vascular, respiratory, and other
non-neural ﬂuctuations that may bias the results. The
global mean signal was not regressed from the BOLD ﬂuc-
tuations because this process has been shown to subtract
a copy from many voxels of the correlated ﬂuctuations
from large brain networks (Anderson et al., in press). This
would have the effect of possibly altering regional homo-
geneity by adding a component to the ﬂuctuations that is
dependent on the size of the networks to which a voxel
belongs. Because PSTCor does not use any components
from gray matter sources to obtain regression parameters,
it is hoped that the effect of subtracting components in
some brain regions from those of gray matter sources in
otherbrain regionswill be less likely to arise. Byperforming
this step, artifactual sources of altered regional homogene-
ity attributable to higher or lower vascular density are also
mitigated.
2.4. Regional homogeneity (local connectivity)
Regional homogeneity calculations were performed on
unsmoothedPSTCor-correcteddata.Kendall’s coefﬁcientof
concordance (KCC) (Kendall and Gibbons, 1990) was cal-
culated to represent the similarity of the time series of
each 26 nearest neighboring voxels with the KCC assigned
to the center voxel (Paakki et al., 2010; Zang et al., 2004,
2007), generating a regional homogeneity measurement
at each voxel in the image. Calculation of regional homo-
geneity images was performed using the Resting-State
fMRI Data Analysis Toolkit (REST, by Song Xiao-Wei et al.,
http://www.restfmri.net). Resulting regional homogeneity
images were smoothed (SPM8) with 8×8×8mm FWHM
kernel.
2.5. Atlas segmentation and longer-range connectivity
measures
The Automated Anatomical Labeling (AAL) brain atlas
(Tzourio-Mazoyer et al., 2002) was used to assess regional
differences in local connectivity. This atlas consists of a par-
cellation of the brain into 116 brain regions, normalized to
MNI coordinate space, and distributed with WFU Pickatlas
software (Maldjian et al., 2003). For regional homogene-
ity, the mean regional homogeneity in each of 116 regions
for each subject was used for statistical calculations. Pear-
son correlation coefﬁcients were measured between eachFig. 1. Axial slices of mean regional homogeneity map, averaged over 58
subjects.
pair of regions ineach subject. Correlation coefﬁcientswere
Fisher-transformed by evaluating the hyperbolic arctan-
gent prior to group averaging to more closely approximate
normally distributed data.
2.6. Gender comparisons
To mitigate the effects of many comparisons, the brain
was subdivided into 9 lobar regions consisting of the AAL
regionswithin the frontal lobes, bilateral cingulum,parietal
lobes, occipital lobes, lateral temporal lobes,medial tempo-
ral lobes, basal ganglia and thalami, cerebellar hemispheres
and vermis. Average regional homogeneity values for male
and female subjectswere compared in each of these 9 lobar
regions using paired 2-tailed t-test,with Bonferroni correc-
tion for multiple comparisons. Lobes showing signiﬁcant
gender differences were further evaluated by examining
each of the AAL regions within that lobe.
2.7. Age comparisons
To assess the effects of subject age on connectivity,
correlation coefﬁcients were measured between age and
regional homogeneity connectivity measurements. Statis-
tical p-values for correlation estimates were calculated
by transforming correlation to a t-statistic having n−2
degrees of freedom, where n is the number of subjects.
3. Results
3.1. Regional homogeneity (local connectivity)
Theoverallmean regionalhomogeneitywas0.27±0.05.
Regional homogeneity was found to be highest for
gray matter, with areas of the precuneus/cuneus, occipi-
tal/calcarine, lingual, superior and inferior parietal, lingual,
angular,medial frontal andanterior andposterior cingulate
showing the highest local connectivity values. The mean
regional homogeneity maps, averaged over all 58 subjects
are shown for both medial and lateral brain regions in
Figs. 1 and 2, respectively.3.2. Age comparisons
Mean regional homogeneity for all 116 regions for
each subject showed there was a reduction in regional
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omogeneity with age (r=−0.287, p=0.029). Fig. 3 shows
he mean correlation coefﬁcient between regional homo-
eneity and age for each of 116 brain regions in the
AL atlas, with positive values indicating an increase in
egional homogeneity with age and negative values indi-
ating decrease in regional homogeneity with age. Males
nd femaleswerenot signiﬁcantlydifferentusing a2-tailed
-test (p=0.50). Fig. 4 depicts the 116 regions studied, with
14 brain regions showing weaker local connectivity with
ncreasingage. The reductionof regional homogeneitywith
ge was most signiﬁcant for the right anterior cingulate
r=−0.36, p=0.005) and right inferior (r=−0.37, p=0.005)
nd middle (r=−0.35, p=0.007) temporal lobe.
.3. Gender comparisons
Differences in regional homogeneity between genders
ere assessed in 9 lobar brain regions deﬁned a priori.
he only region found to be signiﬁcantly different between
enders was the medial temporal region (p=0.0053),
ith females exhibiting higher local connectivity values
see Fig. 5a). This signiﬁcant difference survives multi-
le comparison correction with Bonferroni technique. An
xamination of the AAL subregions in the medial tem-
oral lobe indicated that our ﬁndings were driven by
reater female local connectivity in the right hippocampus
p=0.0006) and amygdala (p=0.008), which also remained
igniﬁcant after Bonferroni correction (see Fig. 5b). In addi-
ion, greater female connectivity in the amygdala andhomogeneity, averaged over 58 subjects.
hippocampus, especially on the right, is present across the
age range of our sample (see Fig. 6).
4. Discussion
In a sample of healthy male and female subjects we
found measures of regional homogeneity to be highest for
gray matter and there was a general reduction in regional
homogeneity with age throughout the gray matter, with
the largest decreases seen in the cingulate and right tem-
poral lobe. Regions with the highest regional homogeneity
values included the precuneus/cuneus, occipital/calcarine,
lingual, superior and inferiorparietal, angular gyrus,medial
frontal and anterior and posterior cingulate regions. The
only region found tobe signiﬁcantlydifferent betweengen-
ders was the medial temporal lobe with females exhibiting
higher local connectivity values speciﬁcally within the
right hippocampus and amygdala. Although regional con-
nectivity analyses have recently been applied to the study
of neurological and psychiatric illness (Cao et al., 2006; Liu
et al., 2008; Paakki et al., 2010; Wu et al., 2007; Yuan et al.,
2008; Zhu et al., 2005), this is the ﬁrst study to evaluate the
normative developmental trajectory of local connectivity
and its potential interaction with gender in speciﬁc brain
regions.
Given that regional homogeneity measures the func-
tional coherence of a speciﬁc voxel with its nearest
neighbors, it has recently been interpreted as a measure
of local connectivity (Zang et al., 2004). Consistent with
192 M.P. Lopez-Larson et al. / Developmental Cognitive Neuroscience 1 (2011) 187–197
age, with
I z-coorFig. 3. Correlation coefﬁcient between regional homogeneity (ReHo) and
indicating decrease in ReHo with age. Slices show 5mm increment in MN
prior characterization of regional homogeneity (Zang et al.,
2004), our results indicate that local connectivity was
highest for gray matter, particularly within regions of the
default mode network. In a recent study, He et al. (2004)
examined 8 healthy female volunteers on a 1.5 T scanner
and found the highest regional homogeneity values for the
precuneus/posterior cingluate cortex (PCC), inferior pari-
etal cortex, angular gyrus, left superior frontal, rightmiddle
frontal, median prefrontal and the anterior cingulate, bilat-
eral cerebellumhemispheres andvermis, rightpost-central
andpre-central gyrusandbilateralparahippocampalgyrus.
Wu et al. (2007) evaluated 28 adults on a 1.5 T scanner and
also found increased regional homogeneity inDMNregions
such as PCC, medial prefrontal cortex (PFC) and bilateralpositive values indicating increase in ReHo with age and negative values
dinates from −25 to 65.
inferior parietal lobe. Lastly, in a study by Long et al.
(2008), which included 40 adults who had imaging data
acquired at 4 different centers and with different acqui-
sition parameters and scanner strength (1.5–3Tesla), the
authors reported regions within the DMN as having high
regional homogeneity and includedprecuneus/PCC,medial
PFC, bilateral angular gyrus and bilateral inferior tempo-
ral cortex. These ﬁndings based on resting-state analyses
appear consistent regarding high local connectivity within
DMN brain regions. Additionally, regions associated with
the task-positive network have also been found to have
higher regional homogeneity, particularly in the supple-
mentary motor area, bilateral dorsolateral PFC, bilateral
insula, bilateral inferior parietal lobe and bilateral medial
M.P. Lopez-Larson et al. / Developmental Cognitive Neuroscience 1 (2011) 187–197 193
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big. 4. Correlation coefﬁcient for the 116 brain regions between regional
omogeneity (ReHo) and age.
emporal cortex (Long et al., 2008). Other brain regions not
ssociated with the DMN or task positive network with
igh regional homogeneity values were the lingual gyrus,
usiform and parahippocampal gyrus (Long et al., 2008).
he current study ﬁndings mirrored some but not all of
he results from these three prior studies in adults. This
aybe related tomethodologicaldifferences in sample size
n=58 in this study) and imaging acquisition (1.5 T versus
T), but was mostly likely due to participant differences
adults versus a combination of youths and adults with
n age range of 11–35 years old). The precuneus/PCC and
he medial prefrontal region are considered “hubs” of the
efaultmodenetwork,where largeamountsof information
re received and integrated relating to internal narrative
r self-referential mental activity (Buckner et al., 2009;
usnard et al., 2001;Mason et al., 2007; Raichle et al., 2001;
aichle and Snyder, 2007). Elevated local connectivity in
hese key DMN regions relative to other brain regions may
uggest that these regions have high integrative capacities.
lternately, the increased regional homogeneity seen may
eﬂect shared temporal variance from artifactual sources,
uch as vascular effects, given that higher cerebral blood
ow is known to occur in these areas (Raichle et al., 2001).
As hypothesized, we found weaker local connectivity
ith increasing age for almost all brain regions from late
hildhood through early adulthood. Wu et al. also found
ecreased regional homogeneity throughout the brain in
lder subjects (mean age 64.7) compared to younger sub-
ects (mean age=27.3). Our ﬁndings are consistent with
general neurodevelopmental mechanism of overconnec-
ivity followed by pruning or weakening of short-range
onnections during typical development, a process that has
een termed segregation and integration (Fair et al., 2007,
009). While our study evaluated connectivity at the local
evel of individual brain regions, parallel ﬁndings of inte-
ration and segregation have also been observed in studies
f resting-state networks. These investigations report a
hift in connectivity fromshort-rangebetweenbrain region
onnections to long-range and globally distributed net-
orks (Durston and Casey, 2006; Fair et al., 2007, 2008,
009; Fransson et al., 2007; Kelly et al., 2009; Smyser
t al., in press; Thomason et al., 2008). For example, it has
een reported that default mode network regions are onlyFig. 5. Regional homogeneity in 9 lobar regions, showing gender differ-
ences in the medial temporal region.
sparsely connected in childhood, and appear to strengthen
with age (Fair et al., 2008). In other networks, a similar
pattern is seen where correlated local networks develop
early, with distributed networks occurring in adolescence
or early adulthood (Fair et al., 2009). Using independent
component analysis to deﬁne networks, it has also been
shown that distributed networks appear to have increas-
ing efﬁciency and less mutual interdependence with age
(Stevens et al., 2009). In the current study, reduction of
regional homogeneitywith agewasmost signiﬁcant for the
right anterior cingulate, and regions of the right temporal
lobe. This is of note given that the cingulate in particular
is an area that forms widespread projections throughout
the brain during integration (Kelly et al., 2009). Bilateral
temporal lobes were also found to have large age-related
decreases in regional homogeneity in another study (Wu
et al., 2007).
Differences in regional homogeneity between genders
were found to be signiﬁcant for the medial temporal
lobes, with females exhibiting higher regional homogene-
ity values. This ﬁnding was driven by greater female local
connectivity in the right hippocampus and right amygdala.
Greater female connectivity in the medial temporal lobe,
especially on the right, was seen across the age range of our
sample and did not appear to be associatedwith a develop-
mental change limited to adolescence. These ﬁndings are
194 M.P. Lopez-Larson et al. / Developmental Cogn
addition, the cross-sectional nature of this study limits our
ability to capture variance in developmental trajectories.Fig. 6. Mean regional homogeneity, age, and gender for the right amyg-
dala and right hippocampus.
consistent with previous reports that point to both struc-
tural and task-based functional sex differences in medial
temporal lobe structures and in recent functional connec-
tivity studies. For example, females have been reported to
have larger hippocampal volumes and smaller amygdala
volumes (Caviness et al., 1996). Furthermore, differences
between genders in amygdala activation patterns dur-
ing tasks of emotional processing have consistently been
reported (Cahill et al., 2004b;Derntl et al., 2010;Hofer et al.,
2006; Kilgore and Yurgelun-Todd, 2001; McClure et al.,
2004; McRae et al., 2008). In a recent fMRI study, investiga-
tors utilized three paradigms aimed at assessing emotion
recognition, perspective taking, and affective responsive-
ness and found amygdala and hippocampal activiation
differences between genders (Derntl et al., 2010). Other
studies of emotional processing tasks also report differ-
ences in limbic activation patterns between genders (Hofer
et al., 2006; McRae et al., 2008). Finally, in a recent fMRI
study investigating gender differences in functional net-
works, it was reported that, while therewere no signiﬁcant
differences in global or local efﬁciency between genders,
differences were observed in increased nodal efﬁciency in
men (relative to women) in several areas including the
left and right hippocampus, right parahippocampal and left
amygdala (Wang et al., 2008).While local resting state con-
nectivity is not directly comparable to fMRI bold response,
the gender differences observed using these two methods
suggests a fundamental difference exists in limbic brain
neurophysiology between genders.itive Neuroscience 1 (2011) 187–197
Increased limbic activity at rest in females may suggest
higher local synchronization of activity in this region for
females compared to males. In our study this ﬁnding is
lateralized to the right hemisphere. A number of studies
seem to indicate a lateralization of activation of the amyg-
dala between genders. (Cahill, 2003; Cahill et al., 2004a,b;
Canli et al., 2002b; Kilpatrick et al., 2006). Although the
exact mechanisms for this ﬁnding are unknown, it may
be related to the impact of sex-speciﬁc hormones on lim-
bic structures or from changes in gene expression during
development (Berchtold et al., 2008). For example, a recent
study in humans demonstrated a correlation between gray
matter volume changes in the amygdala and hippocam-
pus and levels of gonadal steroid hormones (Neufang et al.,
2009). Furthermore, animal studies have speculated that
estrogen levels can affect excitability of hippocampal cells
(Cahill, 2006) by increasing dendritic spine density (Lee
et al., 2004; Romeoet al., 2005). Overall, there is converging
evidence that differences in limbic structure and func-
tion, both at rest and during tasks, exist between genders
and that these differences may account for the disparities
in incidence of psychiatric pathologies seen in males and
females (Kilpatrick et al., 2006).
In contrast to our study, previous investigations have
reported on structural and functional differences between
genders in brain regions other than limbic regions. For
example, overall brain size has been reported as signiﬁ-
cantly greater in men (Christova et al., 2008; Kaiser et al.,
2009; Leonard et al., 2008; Luders et al., 2002), while
cortical complexity has been reported to be greater in
women, speciﬁcally in frontal and parietal regions (Gur
et al., 1999; Luders et al., 2004; Luders et al., 2002), and
cortical thickness has been found to be higher in women in
right posterior temporal and right inferior parietal regions
(Sowell et al., 2007). In amore recent studyof cortical thick-
ness in 184 normal subjects (90 males and 94 females)
females were found to have increased cortical thickness in
the frontal, parietal, andoccipital lobes (Lv et al., 2010). This
included the superior frontal gyrus, precentral gyrus, and
postcentral gyrus bilaterally, aswell as in the superior pari-
etal lobule, cuneus, and frontal pole in the left hemisphere
(Lv et al., 2010). Males were reported as having increased
cortical thickness in a small region of the temporal pole
relative to females (Lv et al., 2010). However, two other
studies of cortical thickness reported no gender differences
(Fjell et al., 2009; Im et al., 2008). Subcortical brain struc-
tures such as the basal ganglia have also been reported to
be different between genders (Canli et al., 2002a; Caviness
et al., 1996; Peterson et al., 2003).Wedid not ﬁnd local con-
nectivity differences in any other brain region outside the
limbic regions between males and females, however this
is likely related to the fact that regional homogeneity is a
different measurement than volume or function.
Our results should be interpretedwith caution given the
relatively small sample size for probing age and gender
interactions considering the wide age range of 11–35. InFurthermore, we used Kendall’s coefﬁcient of concordance
(KCC) (Kendall and Gibbons, 1990) to calculate regional
homogeneity values which may be more susceptible to
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andom noise as compared to an alternative methods
hich uses coherence to determine regional homogene-
ty measures (Liu et al., 2010). It is possible that age
nd gender differences in brain volume could artiﬁcially
nﬂate regionalhomogeneitymeasurements, since thevox-
ls used to obtain Kendall’s coefﬁcient of concordance may
e drawn from a relatively smaller gray matter volume.
owever, this is unlikely to explain our effects as the differ-
nce in overall brain size between adolescents and adults
s minimal and our methods included brain normaliza-
ion. Furthermore, the fact that smaller brain regions such
s limbic and subcortical brain structures did not have
he highest regional homogeneity values and the fact that
emales had higher regional homogeneity values only in
imbic regions suggests that the size of the brain structure
s notwhat is inﬂuencing the results. The current investiga-
ion used “keep your eyes open and remain awake and try
o let thoughts pass through your mind without focusing
n anything in particular” as the “task”. There are cur-
ently no behavioral or performance measures available to
erify if adults and youths performed this “task” equally
ell (Church et al., 2010). Therefore, it is possible that
evelopmental variation in how this “task” is performed
ay account for the differences noted in youths compared
o adults. Furthermore, a positive signiﬁcant correlation
as seen between age and depression scores. Interest-
ngly regional homogeneitywas found to have the opposite
elationship with age; therefore mood is not thought to
epresent a confound responsible for the regional homo-
eneity differences observed in the current study. Rather,
his is likely reﬂective of the higher incidence of depres-
ive symptoms in adults relative to children in the general
opulation.
Finally, although regional homogeneity has been used
s a metric for local connectivity, the relationship between
eural microcircuitry at the range of a few millimeters and
egional homogeneity remains uncharacterized. Shared
nput from adjacent brain regions or subcortical structures,
egional and developmental variations in blood ﬂow or
emodynamic response properties, and variations in cor-
ical anatomy or thickness may contribute to spatial, age,
nd gender variation in regional homogeneity.
Despite these limitations, this report is based on one
f the largest studies to evaluate the relationship between
egional homogeneity and age and is oneof the only studies
o provided information regarding interactionwith gender.
he participants all underwent extensive psychiatric eval-
ations and were completely free of any past or present
sychiatric disorder and all were naïve to psychotropic
edications. Furthermore, all of the imaging data was col-
ected at the same MRI imaging center within a one year
eriod of time.
.1. Conclusions
In summary, regional homogeneity was found to be
ighest for gray matter, particularly for areas within the
efault mode network. There was a general trend toward
ecreasing regional homogeneity with age with the great-
st reduction in anterior cingulate, and temporal lobe
egions. This decrease in regional temporal coherence mayitive Neuroscience 1 (2011) 187–197 195
be related to the ongoing regressive maturational events
such as synaptic pruning, which improves brain efﬁciency
and eliminates redundancy. Further, greater female local
connectivity in right limbic regions was found. These ﬁnd-
ings motivate further investigations of the development of
local brain networks and stress the importance of examin-
ing gender differences in imaging studies in healthy and
clinical populations. Future availability of large datasets
and longitudinal studies of resting connectivity may allow
increased speciﬁcity of regional, age, and gender interac-
tions.
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